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COMPOSITIONS INCLUDING A
VACANCY-ENGINEERED(VE)-ZNO

NANOCOMPOSITE, METHODS OF MAKING
A COMPOSITION , METHOD OF USING A
COMPOSITION

BACKGROUND

The globalization of business, travel and communication
brings increased attention to worldwide exchanges between
communities and countries, including the potential globaliza-
tion of the bacterial and pathogenic ecosystem. Bactericides
and fungicides have been developed to control diseases 1n
man, animal and plants, and must evolve to remain effective
as more and more antibiotic, pesticide and 1nsecticide resis-
tant bacteria and fungi appear around the globe.

Bacterial resistance to antimicrobial agents has also
emerged, throughout the world, as one of the major threats to
both man and the agrarian lifestyle. Resistance to antibacte-
rial and antifungal agents has emerged as an agricultural 1ssue
that requires attention and improvements in the treatment
materials 1n use today.

For example, focusing on plants, there are over 300,000
diseases that afflict plants worldwide, resulting 1n billions of
dollars of annual crop losses. The antibacterial/antifungal
formulations 1n existence today could be improved and made
more effective.

SUMMARY

Embodiments of the present disclosure, in one aspect,
relate to compositions including a vacancy-engineered (VE)-
/n0O nanocomposite, methods of making a composition,
methods of using a composition, and the like.

In an embodiment, a composition, among others, includes:
a vacancy-engineered (VE)-ZnO nanocomposite mcluding
inter-connected VE-ZnO nanoparticles, wherein the VE-ZnO
nanoparticles have surface defects associated with oxygen
vacancy, wherein the VE-ZnO nanoparticle has a diameter of
about 3 to 8 nm, wherein the VE-ZnO nanoparticles include a
coating of a surface capping agent having one or more Zn 1on
chelating functional groups.

In an embodiment, a method, among others, includes: dis-
posing a composition on a surface, wherein the composition
has a vacancy-engineered (VE)-ZnO nanocomposite includ-
ing inter-connected VE-ZnO nanoparticles, wherein the VE-
Zn0O nanoparticles have surface defects associated with oxy-
gen vacancy, wherein the VE-ZnO nanoparticle has a
diameter of about 3 to 8 nm, wherein the VE-ZnO nanopar-
ticles include a coating of a surface capping agent having one
or more Zn 1on chelating functional groups; and killing a
substantial portion of a microorganism or 1nhibiting or sub-
stantially inhibiting the growth of the microorganisms on the
surface of a structure or that come 1nto contact with the
surface of the structure.

In an embodiment, a method, among others, includes: mix-
ing a water soluble zinc source, a surface capping agent, and
an oxidizing agent, wherein the surface capping agent has
both a carboxyl group and hydroxyl group; and forming a
vacancy-engineered (VE)-ZnO nanocomposite including
inter-connected VE-ZnO nanoparticles, wherein the VE-ZnO
nanoparticles have surface defects associated with oxygen
vacancy, wherein the VE-ZnO nanoparticle has a diameter of
about 1 to 10 nm, wherein the VE-ZnO nanoparticles include
a coating formed from the surface capping agent.

Other compositions, methods, features, and advantages

will be, or become, apparent to one with skill in the art upon
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2

examination of the following drawings and detailed descrip-
tion. It 1s intended that all such additional structures, compo-
sitions, methods, features, and advantages be included within
this description, be within the scope of the present disclosure,
and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of this disclosure can be better understood
with reference to the following drawings. The components in
the drawings are not necessarily to scale, emphasis instead
being placed upon clearly illustrating the principles of the
present disclosure. Moreover, 1in the drawings, like reference
numerals designate corresponding parts throughout the sev-
eral views.

FIGS. 1A and B illustrate HRTEM 1mages of the surface
coated VE-ZnO material.

FIGS. 2A and B illustrate HRTEM 1mages of non-VE-ZnO
material.

FIGS. 3A through E illustrate phytotoxicity results of vari-
ous coatings.

FIG. 4 illustrates the growth inhibition with Alamar blue
Assay of I. coli against VE-ZnQO, coated ZnO, Nordox, and
Kocide 3000.

FIG. 5 illustrates E. coli growth curves in presence of
Zinkicide™ against VE-ZnO, coated ZnO, Nordox, and
Kocide 3000.

FIG. 6 illustrates E. coli viability 1n presence of Zinki-
cide™ materials.

FIG. 7 1llustrates direct evidence of ROS generation by the
coated VE-ZnO material.

FIGS. 8 A and B 1llustrate HRTEM-EDX spectra of surface
coated VE-ZnO and ZnO.

FIGS. 9A and B illustrate x-ray photoelectron spectros-
copy (XPS) results of surface coated VE-ZnO and ZnO.

FIG. 10 illustrates a schematic representation of VE ZnO
(“Zinkicide”) nanoparticle composite (nanocomposite).

DETAILED DESCRIPTION

Belore the present disclosure 1s described 1n greater detail,
it 1s to be understood that this disclosure 1s not limited to
particular embodiments described, as such may, of course,
vary. It 1s also to be understood that the terminology used
herein 1s for the purpose of describing particular embodi-
ments only, and 1s not intended to be limiting, since the scope
of the present disclosure will be limited only by the appended
claims.

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill 1n the art to which this disclosure
belongs. Although any methods and materials similar or
equivalent to those described herein can also be used 1n the
practice or testing of the present disclosure, the preferred
methods and materials are now described.

All publications and patents cited 1n this specification are
herein incorporated by reference as 1f each individual publi-
cation or patent were specifically and individually indicated
to be icorporated by reference and are incorporated herein
by reference to disclose and describe the methods and/or
materials in connection with which the publications are cited.
The citation of any publication is for 1ts disclosure prior to the
filing date and should not be construed as an admaission that
the present disclosure 1s not entitled to antedate such publi-
cation by virtue of prior disclosure. Further, the dates of
publication provided could be different from the actual pub-
lication dates that may need to be independently confirmed.
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As will be apparent to those of skill 1n the art upon reading
this disclosure, each of the individual embodiments described
and 1illustrated herein has discrete components and features
that may be readily separated from or combined with the
features of any of the other several embodiments without
departing from the scope or spirit of the present disclosure.
Any recited method can be carried out 1n the order of events
recited or 1n any other order that 1s logically possible.

Embodiments of the present disclosure will employ, unless
otherwise indicated, techniques of chemistry, polymer chem-
1stry, biology, and the like, which are within the skill of the art.
Such techniques are explained fully in the literature.

The following examples are put forth so as to provide those
of ordinary skill 1n the art with a complete disclosure and
description of how to perform the methods and use the com-
positions and compounds disclosed and claimed herein.
Efforts have been made to ensure accuracy with respect to
numbers (e.g., amounts, temperature, etc.), but some errors
and deviations should be accounted for. Unless indicated
otherwise, parts are parts by weight, temperature 1s 1n © C.,
and pressure 1s 1 atmospheres. Standard temperature and
pressure are defined as 25° C. and 1 atmosphere.

Before the embodiments of the present disclosure are
described 1n detail, 1t 1s to be understood that, unless other-
wise mndicated, the present disclosure 1s not limited to par-
ticular materials, reagents, reaction materials, manufacturing
processes, or the like, as such can vary. It 1s also to be under-
stood that the terminology used herein 1s for purposes of
describing particular embodiments only, and 1s not intended
to be limiting. It 1s also possible 1n the present disclosure that
steps can be executed in different sequence where this 1s
logically possible.

It must be noted that, as used 1n the specification and the
appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a support”
includes a plurality of supports. In this specification and 1n the
claims that follow, reference will be made to a number of
terms that shall be defined to have the following meanings
unless a contrary intention 1s apparent.

DEFINITIONS

The term “antimicrobial characteristic” refers to the ability
to kill and/or mhibit the growth of microorganisms. A sub-
stance having an antimicrobial characteristic may be harmiul
to microorganisms (€.g., bacteria, fungi, protozoans, algae,
and the like). A substance having an antimicrobial character-
istic can kill the microorganism and/or prevent or substan-
tially prevent the growth or reproduction of the microorgan-
1S1m.

The term “antibacterial characteristic” refers to the ability
to kill and/or inhibit the growth of bacteria. A substance
having an antibacterial characteristic may be harmitul to bac-
teria. A substance having an antibacterial characteristic can
kill the bacteria and/or prevent or substantially prevent the
replication or reproduction of the bacteria.

“Gel matrnix™ or “Nanogel matrix” refers to amorphous gel
like substance that 1s formed by the interconnection of
vacancy engineered crystalline zinc oxide nanoparticles (e.g.,
about 3 to 8 nm) to one another. In an embodiment, the
amorphous gel matrix has no ordered (e.g., defined) structure.
In an embodiment, the vacancy engineered zinc oxide nano-
particles are interconnected covalently (e.g., through —7Zn—
O—7n— bonds), physically associated via Van der Waal
forces, and/or through 10nic 1interactions.
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“Uniform plant surface coverage” refers to a umiform and
complete (e.g., about 100%) wet surtace due to spray appli-
cation ol embodiments of the present disclosure. In other
words, spray application causes embodiments of the present
disclosure to spread throughout the plant surface.

“Substantial uniform plant surface coverage” refers to
about 70% or more, about 80% or more, about 90% or more,
or more uniform plant surface coverage.

“Substantially covering” refers to covering about 70% or
more, about 80% or more, about 90% or more, or more, of the
leaves and branches of a plant.

“Plant” refers to trees, plants, shrubs, tlowers, and the like
as well as portions of the plant such as twigs, leaves, stems,
branches, fruit, flowers, and the like. In a particular embodi-
ment, the term plant includes a fruit tree such as a citrus tree
(e.g., orange tree, lemon tree, lime tree, and the like).

As used herein, “treat”, “treatment”, “treating”’, and the
like refer to acting upon a disease or condition with a com-
position of the present disclosure to affect the disease or
condition by improving or altering 1t. In addition, “treatment™
includes completely or partially preventing (e.g., about 70%
or more, about 80% or more, about 90% or more, about 95%
or more, or about 99% or more) a plant form acquiring a
disease or condition. The phrase “prevent” can be used
instead of treatment for this meaning. “Treatment,” as used
herein, covers one or more treatments of a disease 1n a plant,
and 1ncludes: (a) reducing the risk of occurrence of the dis-
case 1n a plant predisposed to the disease but not yet diag-
nosed as infected with the disease (b) impeding the develop-
ment of the disease, and/or (¢) relieving the disease, e.g.,
causing regression ol the disease and/or relieving one or more
disease symptoms.

The terms “bacteria” or “bacterium” include, but are not
limited to, Gram positive and Gram negative bacteria. Bacte-
ria can 1include, but are not limited to, Abiotrophia, Achromo-
bacter, Acidaminococcus, Acidovorax, Acinetobacter, Acti-
nobacillus, Actinobaculum, Actinomadura, Actinomyces,
Aervococcus, Aevomonas, Afipia, Agrobacterium, Alcaligenes,
Alloiococcus, Altevomonas, Amycolata, Amycolatopsis,
Anaerobospirillum, Anabaena affinis and other cyanobacteria
(including the Anabaena, Anabaenopsis, Aphanizomenon,
Camesiphon, Cvylindrospermopsis, Gloeobacter Hapalosi-
phon, Lyngbya, Microcystis, Nodularia, Nostoc, Phor-
midium, Planktothrix, Pseudoanabaena, Schizothrix, Spir-
ulina, Tvichodesmium, and  Umezakia  genera)
Anaerorhabdus, Arachmnia, Arcanobacterium, Arcobacter,
Arthrobacter, Atopobium, Aureobacterium, Bacteroides, Bal-
neatrix, Bartonella, Bergeyella, Bifidobacterium, Bilophila
Branhamella, Borrelia, Bordetella, Brachyspiva, Brevibacil-

lus, Brevibacterium, Brevundimonas, Brucella, Burkhold-
eria, Buttiauxella, Butyrivibrio, Calymmatobacterium,
Campylobacter, Capnocytophaga, Cardiobacterium,

Catonella, Cedecea, Cellulomonas, Centipeda, Chlamydia,
Chlamvdophila, Chromobacterium, Chyseobacterium, Chry-
seomonas, Citrobacter, Clostridium, Collinsella, Comamo-
nas, Corvnebacterium, Coxiella, Cryptobacterium, Delftia,
Dermabacter, Dermatophilus, Desulfomonas, Desulfovibrio,
Dialister, Dichelobacter, Dolosicoccus, Dolosigranulum,
Edwardsiella, Eggerthella, Ehrlichia, Eikenella, Empedo-
bacter, Enterobacter, Interococcus, Evwinia, Evysipelothrix,
Escherichia, FEubacterium, Ewingella, Exiguobacterium,
Fackiamia, Filifactor, Flavimonas, Flavobacterium, Fran-
cisella, Fusobacterium, Gardnerella, Gemella, Globicatella,
Gordona, Haemophilus, Hafnia, Helicobacter, Helococcus,
Holdemania Ignavigranum, Johnsonella, Kingella, Kleb-
siella, Kocuria, Koserella, Kurthia, Kyvtococcus, Lactobacil-
lus, Lactococcus, Lautvopia, Leclercia, Legionella, Lemi-
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novella, Leptospira, Leptotrichia, Leuconostoc, Listeria,
Listonella, Megasphaera, Methylobacterium, Microbacte-
rium, Micrococcus, Mitsuokella, Mobiluncus, Moellerella,
Moraxella, Morganella, Mycobacterium, Mycoplasma,
Mpyroides, Neisseria, Nocardia, Nocardiopsis, Ochrobac-
trum, Oeskovia, Oligella, Orientia, Paenibacillus, Pantoea,
Parachlamydia, Pasteurella, Pediococcus, Peptococcus, Pep-
tostreptococcus, Photobacterium, Photorhabdus, Phyto-
plasma, Plesiomonas, Porphyrimonas, Prevotella, Propioni-
bacterium, Proteus, Providencia, Pseudomonas,
Pseudonocardia, Pseudovamibacter, Psychrobacter, Rah-
nella, Ralstonia, Rhodococcus, Rickettsia Rochalimaea
Roseomonas, Rothia, Ruminococcus, Salmonella, Selenomo-
nas, Serpulina, Serratia, Shewenella, Shigella, Simkania,
Slackia, Sphingobacterium, Sphingomonas, Spivillum, Spivo-
plasma, Staphviococcus, Stenotrophomonas, Stomatococ-
cus, Streptobacillus, Streptococcus, Streptomyces, Succini-
vibrio, Sutterella, Suttonella, Tatumella, Tissierella,
Trabulsiella, Treponema, Tropheryvma, Tsakamurella, Turi-
cella, Ureaplasma, Vagococcus, Veillonella, Vibrio, Week-
sella, Wolinella, Xanthomonas, Xenorvhabdus, Yersinia, and
Yokenella. Other examples of bacterium include Mycobacte-
rium tuberculosis, M. bovis, M. typhimurium, M. bovis strain
BCG, BCG substrains, M. avium, M. intracellulave, M. afvi-
canum, M. kansasii, M. marinum, M. ulcerans, M. avium
subspecies paratuberculosis, Staphviococcus aureus, Sta-
phyvlococcus epidermidis, Staphvlococcus equi, Streptococ-
cus pyogenes, Streptococcus agalactiae, Listeria monocyto-
genes, Listeria ivanovii, Bacillus anthracis, B. subtilis,
Nocardia asteroides, and other Nocardia species, Streptococ-
cus viridans group, Peptococcus species, Peptostreptococcus
species, Actinomyces isvaelii and other Actinomyces species,
and  Propionibacterium  acnes, Clostridium  tetani,
Clostridium  botulinum, other Clostridium  species,
Pseudomonas aeruginosa, other Pseudomonas species,
Campylobacter species, Vibrio cholera, Ehrlichia species,
Actinobacillus pleuropneumoniae, Pasteurella haemolytica,
Pasteurella multocida, other Pasteurella species, Legionella
preumophila, other Legionella species, Salmonella tyvphi,
other Salmonella species, Shigella species Brucella abortus,
other Brucella species, Chlamydi trachomatis, Chlamydia
psittaci, Coxiella burnetti, Escherichia coli, Neiserria men-
ingitidis, Neiserria gonorrhea, Haemophilus influenzae,
Haemophilus ducreyi, other Hemophilus species, Yersinia
pestis, Yersinia enterolitica, other Yersinia species, Ischeri-
chia coli, E. hirae and other Escherichia species, as well as
other Enterobacteria, Brucella abortus and other Brucella
species, Burkholderia cepacia, Burkholderia pseudomallei,
Francisella tulavensis, Bacteroides fragilis, Fudobascterium
nucleatum, Provetella species, and Cowdria ruminantium, or
any strain or variant thereof. The Gram-positive bacteria may
include, but 1s not limited to, Gram positive Cocci (e.g.,
Streptococcus, Staphylococcus, and Enterococcus). The
Gram-negative bacteria may include, but 1s not limaited to,
Gram negative rods (e.g., Bacteroidaceae, Enterobacteri-
aceae, Vibrionaceae, Pasteurellae and Pseudomonadaceae).
In an embodiment, the bacternia can include Mycoplasma
preumoniae.

The term “‘protozoan™ as used herein includes, without
limitations flagellates (e.g., Giardia lamblia), amoeboids
(e.g., Entamoeba histolitica), and sporozoans (e.g., Plasmo-
dium knowlesi) as well as ciliates (e.g., B. coli). Protozoan can
include, but 1t 1s not limited to, Entamoeba coli, Entamoeabe
histolitica, lodoamoeba buetschlii, Chilomastix meslini, Tri-
chomonas vaginalis, Pentatvichomonas homini, Plasmodium
vivax, Leishmania braziliensis, Trypanosoma cruzi, Trypano-
soma brucei, and Myxoporidia.
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The term “algae” as used herein includes, without limaita-
tions microalgae and filamentous algae such as Anacystis

nidulans, Scenedesmus sp., Chlamydomonas sp., Clorella
sp., Dunaliella sp., Fuglena so., Prymnesium sp., Porphy-
ridium sp., Synechoccus sp., Botryococcus braunii, Ctypth-
ecodinium cohnii, Cylindrotheca sp., Microcystis sp., Isoch-
rysis sp., Monallanthus salina, M. minutum, Nannochloris
sp., Nannochlovopsis sp., Neochloris oleoabundans, Nitzs-
chia sp., Phaeodactylum tricornutum, Schizochytrium sp.,
Senedesmus obliquus, and Tetraselmis sueica as well as algae
belonging to any of Spirogvra, Cladophora, Vaucheria,
Pithophora and Enteromorpha genera.

The term “fung1” as used herein includes, without limaita-
tions, a plurality of organisms such as molds, mildews and
rusts and include species 1n the Penicillium, Aspergillus,
Acremonium, Cladosporium, Fusarium, Mucor, Nerospora,
Rhizopus, Tricophyton, Botrvotinia, Phytophthora, Ophios-
toma, Magnaporthe, Stachyvbotrys and Uredinalis genera.

DISCUSSION

In accordance with the purpose(s) of the present disclosure,
as embodied and broadly described herein, embodiments of
the present disclosure, in one aspect, relate to compositions
including a vacancy-engineered (VE)-ZnO nanocomposite,
methods of making a composition, methods of using a com-
position, and the like.

In an embodiment, the composition can be used as an
antimicrobial agent to kill and/or inhibit the formation of
microorganisms on a surface such as a tree, plant, and the like.
An advantage of the present disclosure 1s that the composition
1s water soluble, film-forming, has antimicrobial properties,
and 1s non-phytotoxic. In particular, the composition 1s anti-
microbial towards E. coli and X. alfalfae and 1s non-phyto-
toxic to ornamental virnca sp.

In addition, embodiments of the present disclosure provide
for a composition that can be used for multiple purposes.
Embodiments of the present disclosure are advantageous 1n
that they can substantially prevent and/or treat or substan-
tially treat a disease or condition in a plant and act as an
antibacterial and/or antifungal, while being non-phytotoxic.

In an embodiment, the composition may have an antimi-
crobial characteristic. The phrase “antimicrobial characteris-
t1c” can have the following meaning: kills about 70% or more,
about 80% or more, about 90% or more, about 95% or more,
or about 99% or more, of the microorganisms (€.g., bacteria)
on the surface and/or reduces the amount of microorganisms

that form or grow on the surface by about 70% or more, about
80% or more, about 90% or more, about 95% or more, or
about 99% or more, as compared to a similar surface without
the composition disposed on the surface.

Although not intending to be bound by theory, the unique
surface charge and surface chemistry of the VE-ZnO nano-
particles of the VE-ZnO nanocomposite may be responsible
for maintaining good colloidal stability. The high surface area
and gel-like structural morphology may be responsible for the
strong adherence properties to a surface, such as a plant
surface. The non-phytotoxicity may be attributed to the neu-
tral pH of the VE-ZnO nanocomposite and limited availabil-
ity of soluble 10ns. Additional details are described 1n the
Examples.

In an embodiment, the VE-ZnO nanocomposite can
include VE-ZnO nanoparticles such as zinc peroxide (ZnQO.,)
or a combination of ZnO and ZnO,. In an embodiment, the
VE-ZnO nanoparticles have surface defects associated with
oxygen vacancy, which distinguishes the VE-ZnO nanopar-
ticles from ZnO nanoparticles. UV-Vis studies have shown
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that VE-ZnO nanoparticles and ZnO nanoparticles have dii-
terent optical characteristics, which 1s indicative of showing
that VE-ZnO nanoparticles have surface defects associated
with oxygen vacancy. Additional details are provided in the
Examples.

In an embodiment, the diameter of the zinc oxide nanopar-
ticles can be controlled by approprately adjusting synthesis
parameters, such as amounts of the water soluble zinc source,
the surface capping agent, and the oxidizing agent, base, pH,
time of reaction, sequence of addition of the components, and
the like. For example, the diameter of the particles can be
controlled by adjusting the time frame of the reaction.
Although not intending to be bound by theory, the superior
antimicrobial efficacy of embodiments of the present disclo-
sure can be attributed to the quantum confinement (e.g., size)
and surtace defect related properties of the VE-ZnO nanopar-
ticle. The size of the VE-ZnO nanoparticle may allow the
VE-ZnO nanoparticles to be transported systematically into
the plant, reach the phloem tissue, and interact with the patho-
gen, for example. In an embodiment, the VE-ZnO nanopar-
ticle can have a diameter of about 1 to 10 nm or about 5 nm or
the average diameter 1s about 5 nm.

In an embodiment, the VE-ZnO nanoparticles can be inter-
connected to one another to form inter-connected VE-ZnO
nanoparticle chains. In an embodiment, the VE-ZnO nano-
composite can include a plurality of VE-ZnO nanoparticle
chains, where the chains can be independent of one another or
connect to one or more other chains.

In an embodiment, the VE-ZnO nanoparticles include a
coating on the surface made of the surface capping agent. In
an embodiment, the surface capping agent includes one or
more Zn 1on chelating functional groups such as carboxyl
groups, hydroxyl groups, amines, thiols, and/or a combina-
tion of two or more. In an embodiment, the surface capping
agent includes a compound having a carboxyl group and
hydroxyl group. In an embodiment the surface capping agent
1s selected from a small molecule capping agent such as
sodium salicylate, sodium gluconate, as well as polymers
such as chitosan, silica, polyacrylic acid, polyvinyl alcohol,
polyacrylamide, polyvinyl pyrrolidine, dextran, polyethelene
glycol, dendrimers, and a combination thereof. In an embodi-
ment, the coating can cover the entire surface of the VE-ZnO
nanoparticle or a substantial portion (e.g., about 50% or more,
about 60% or more, about 70% or more, about 80% or more,
about 90% or more, about 95% or more, or about 99% or
more, of the surface of the VE-ZnO nanoparticle) of the
surface of the VE-ZnO nanoparticle. In an embodiment, the
coating can have a thickness of about 0.5 nm to 10 nm.

In an embodiment, the VE-ZnO nanocomposite can
include the VE-ZnO nanoparticles mn a gel-matrix. In an
embodiment, the gel matrix can include a water soluble zinc
source, a surface capping agent, and an oxidizing agent. In an
embodiment, the surface capping agent can include com-
pounds such as those recited above (e.g., sodium salicylate).
In an embodiment, the oxidizing agent can be about 10 to 50
or about 25 to 35, weight percent of the VE-ZnO nanocom-
posite gel matrix.

In an embodiment, the water soluble zinc source can
include a water soluble zinc salt, and organo zinc complexes
such as zinc tartarate, zinc citrate, zinc oxXalate, zinc acetate,
and the like. In an embodiment, the water soluble zinc salt can
include zinc nitrate, zinc sulfate, and zinc chloride. In an
embodiment, the water soluble zinc source can be about 40 to
80 or about 50 to 70, weight percent of the VE-ZnO nano-
composite gel matrix.

In an embodiment, the oxidizing agent 1s selected from
hydrogen peroxide, chlorine, sodium hypochlorite, and a
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combination thereol. In an embodiment, the oxidizing agent
can be about 10 to 50 or about 25 to 35, weight percent of the
VE-ZnO nanocomposite gel matrix.

In an embodiment, the method of making a composition
can include mixing a water soluble zinc source, a surface
capping agent, and an oxidizing agent. In an embodiment, the
components are mixed 1n an aqueous solution (e.g., delonized
water). In an embodiment, the components are mixed at room
temperature and after mixing for about 12 to 36 hours, the pH
can be adjusted to about 7.5 with a base such as NaOH. In an
embodiment, the components can be simultaneously added
together or can be sequentially added together. For example,
the surface capping agent and the oxidizing agent can be
mixed, and optionally with a base. Then the water soluble
zinc source can be slowly added dropwise over the course of
a few minutes to an hour, while stirring.

In an embodiment, the oxidizing agent can be about 10 to
50 or about 25 to 35, weight percent of the VE-ZnO nano-
composite. In an embodiment, the water soluble zinc source
can be about 40 to 80 or about 50 to 70, weight percent of the
VE-ZnO nanocomposite. In an embodlment the oxidizing,
agent can be about 10 to 50 or about 25 to 35, weight percent
of the VE-ZnO nanocomposite.

Once the components are mixed, the VE-ZnO nanocom-
posite 1s formed, where the VE-ZnO nanoparticles have a
coating formed from the surface capping agent. The compo-
sition can be used as prepared or unbound components (e.g.,
the water soluble zinc source, the surface capping agent, and
the oxidizing agent, and base) can be rinsed off so that only
the mter-connected VE-ZnO nanoparticles remain. This pro-
cess can be performed using a single reaction vessel or can
use multiple reaction vessels. Addition details are provided in
the Examples.

In an embodiment, the composition can be disposed on a
surface of a structure. In an embodiment, the structure can
include plants such as trees, shrubs, grass, agricultural crops,
and the like, includes leaves and fruit. In an embodiment, the
composition provides uniform plant surface coverage, sub-
stantial uniform plant surface coverage, or substantially cov-
ers the plant. In an embodiment, the composition can be used
to treat a plant having a disease or to prevent the plant from
obtaining a disease.

In an embodiment, the structure can include those that may
be exposed to microorganisms and/or that microorganisms
can grow on, such as, without limitation, fabrics, cooking
counters, food processing facilities, kitchen utensils, food
packaging, swimming pools, metals, drug vials, medical
instruments, medical implants, yvarns, fibers, gloves, furni-
ture, plastic devices, toys, diapers, leather, tiles, and tlooring
materials. In an embodiment, the structure can include textile
articles, fibers, filters or filtration units (e.g., HEPA for air and
water), packaging materials (e.g., food, meat, poultry, and the
like food packaging materials), plastic structures (e.g., made
of a polymer or a polymer blend), glass or glass like structures
on the surface of the structure, metals, metal alloys, or metal
oxides structure, a structure (e.g., tile, stone, ceramic, marble,
granite, or the like), and a combination thereof.

In an embodiment, aiter the composition 1s disposed on the
surface, the structure may have an antimicrobial characteris-
tic that 1s capable of killing a substantial portion of the micro-
organisms (e.g., bacteria such as E. coli, X alfalfa, and S.
aureus) on the surface of the structure and/or inhibits or
substantially inhibits the growth of the microorganisms on the
surface of the structure. The phrase “killing a substantial
portion” 1ncludes killing about 70% or more, about 80% or
more, about 90% or more, about 95% or more, or about 99%
or more, of the microorganism (e.g., bacteria) on the surface
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that the composition 1s disposed on, relative to structure that
does not have the composition disposed thereon. The phrase
“substantially inhibits the growth™ includes reducing the
growth of the microorganism (e.g., bacteria) by about 70% or
more, about 80% or more, about 90% or more, about 95% or
more, or about 99% or more, of the microorganmisms on the
surface that the composition 1s disposed on, relative to a
structure that does not have the composition disposed
thereon.

As mentioned above, embodiments of the present disclo-
sure are effective for the treatment of diseases atfecting plants
such as citrus plants and trees. In an embodiment, the com-
position can function as an antibacterial and/or antifungal,
specifically, treating, substantially treating, preventing or
substantially preventing, plant diseases such as citrus green-
ing (HLB) and citrus canker diseases. The hydroxyl free
radicals, zinc 1ons, and a combination thereof can act as an
antibacterial and/or antifungal for a period of time (e.g., from
application to days to months). The design of the composition
facilitates uniform plant surface coverage or substantially
uniform plant surface coverage. In an embodiment, the com-
position that 1s applied to plants can have a superior adher-
ence property in various types of exposure to atmospheric
conditions such as rain, wind, snow, and sunlight, such that 1t
1s not substantially removed over the time frame for use of the
composition. In an embodiment, the composition has a
reduced phytotoxic etflect or 1s non-phytotoxic to plants.

Embodiments of the present disclosure can applied on the
time frames consistent with the effectiveness of the compo-
sition, and these time frames can include from the first day of
application to about a week, about a month, about two
months, about three months, about four months, about five
months, about six months, about seven month, or about eight
months.

EXAMPLES

Materials and Methods

Formulation Abbreviations:

7-SG-1

/PER-SG-1

/PER-SG-2

ZSAL-SG-2

/ZPSAL-SG-3

/ZPSAL-SG-4

ZPSAL-SG-5

/ZPSAL-SG-6

/PSAL-SG-7

Detailed Nanoformulation Synthesis Procedure
7-SG-1, 7ZPER-SG-1, ZSAL-SG-2, 7ZPSAL-SG-3 and
/PSAL-5G-4 synthesis procedure:

In a glass beaker, take 50 ml deionized water, 5 ml Zn
Nitrate stock solution (59 weight %), add 1M NaOH drop-
wise under magnetic stirring until pH 1s 7.5.

Then divide into 5 equal parts:

/-5SG-1: no treatment

/ZPER-SG-1: add 2 ml hydrogen peroxide (30%)

ZSAL-5G-2: add 1 ml of sodium salicylate solution (32.8
weight %)

ZPSAL-SG-3: add 1 ml of sodium salicylate solution (32.8
weight %), wash to remove unbound sodium salicylate solu-
tion, add 2 ml hydrogen peroxide (30%)

/PSAL-SG-4: add 2 ml hydrogen peroxide (30%), stir for
2 hours, wash to remove unbound hydrogen peroxide, add 1
ml of sodium salicylate solution (32.8 weight %), wash

/PER-SG-2 and ZPSAL-SG-5 Synthesis Procedure:
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In a glass beaker, take 40 ml deionized water, 10 ml hydro-
gen peroxide (30%) and 5 ml Zn Nitrate stock solution (59
weight %). Adjust pH to 7.5 with 1N NaOH

Then, divide 1nto 2 equal parts
/PER-SG-2: no treatment

ZPSAL-5G-5: add 2.5 ml sodium salicylate solution (32.8

weight %), check pH—adjust to 7, let stir overnight.
ZPSAL-SG-6 Synthesis Procedure (Coated VE-ZnQO)**:

*ECoted ZnO material 1s 1dentical to coated VE-ZnO except that it contains no
hydrogen peroxide.

In a glass beaker, take 40 ml deionized water, 10 ml hydro-
gen peroxide (30%), 2.5 ml sodium salicylate solution (32.8
weight %) and 5 ml Zn Nitrate stock solution (59 weight %).
Magnetically stir overnight then adjust pH to 7.5 with 1N
NaOH (approximately 25 ml)

ZPSAL-SG-7 Synthesis Procedure:

In a glass beaker, take 40 ml deionized water, 10 ml hydro-
gen peroxide (30%), 2.5 ml sodium salicylate solution (32.8
weight %) and add approximately 20 ml 1N NaOH. Then add
dropwise (very carefully and slowly; a few drops per minute)
Zn Nitrate solution (59 weight %) under vigorous magnetic
stirring until pH 1s reached to 7.3.

FIGS. 1A and B illustrate HRTEM 1mages of the surface
coated VE-ZnO material. In particular, FIG. 1(a) 1llustrates a
representative low-magnification HRTEM 1mage of surface
coated VE-ZnO maternal showing gel-like network of inter-
connecting quantum size (<5 nm) crystalline VE-ZnO sol
particle clusters. FIG. 1(b) i1llustrates a high-magnification
image of VE-ZnO matenal. The inset shows crystalline lattice
fringe of one of VE-Zn0O sol particles.

FIGS. 2A and B illustrate HRTEM 1mages of non-VE-ZnO
material. In particular, FIG. 2A illustrates a representative
HRTEM 1mage of surface coated ZnO material showing
plate-like faceted structure 1n the sub-micron size range. FIG.
2B illustrates a high-magnification image of coated ZnO
material shows appearance of both polycrystalline and amor-
phous regions within a plate structure.

FIGS. 3A through E illustrate phytotoxicity results of vari-
ous coatings. In particular, FIG. 3 illustrates a phytotoxicity
assessment of: (a) uncoated (b) surface coated ZnO, (c) sur-
face coated VE-Zn0O, (d) Nordox, and (e) Kocide 3000 mate-
rials. Formulations were applied at spray rate of 790 ppm
metallic Zn. Digital photographs showing no plant tissue
damage (-) occurred even after 72 hours.

FIG. 4 illustrates the growth inhibition with Alamar blue
Assay of E. coli against VE-ZnQO, coated ZnO, Nordox, and
Kocide 3000.

FIG. 5 illustrates E. coli growth curves in presence of
Zinkicide™ of E. coli against VE-ZnQO, coated ZnO, Nordox,
and Kocide 3000.

FIG. 6 illustrates E. coli viability 1n presence of Zinki-
cide™ matenals. In particular, FIG. 6 illustrates viability of
E. coli against VE-ZnQ, coated ZnO, Nordox and Kocide
3000.

FIG. 7 1llustrates direct evidence of ROS generation by the
coated VE-ZnO material. FIG. 7 illustrates transmission
spectra of mixed-valence ceria and cena treated with surface
coated VE-ZnO material. Ceria and VE-ZnO are whitish 1n
color. However, when combined together an intense red color
develops. A clear shift of ceria transmission wavelength
towards longer wavelength was observed, confirming conver-
sion of Ce”* to Ce™™ state upon reaction with ROS (produced
by the surface coated VE-ZnO matenial).

FIGS. 8 A and B 1llustrate HRTEM-EDX spectra of surface
coated VE-ZnO and Zn0O. FIG. 8 illustrates a representative
HRTEM-EDX spectra of surface coated A VE-ZnO and B

surface coated ZnO materials. Characteristic elemental peaks
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of Zn and oxygen were found 1n the spectra. Au peak 1is
originated from the HRTEM Au grid substrate.

FIGS. 9A and B 1illustrate x-ray photoelectron spectros-
copy (XPS) results of surface coated VE-ZnO and ZnO. In
particular, FIG. 9 1llustrates XPS results of surface coated: (a)
VE-ZnO and (b) surface coated ZnO materials. Characteristic
peak of Zn (II) oxidation state was observed.

FIG. 10 1llustrates a schematic representation of VE ZnO
(“Zinkicide™) nanoparticle composite (nanocomposite).

Table 1 1llustrates the minimum inhibitory concentration
against £. coli for various agents.

TABL.

L1l

1

MIC of surface coated VE-ZnO, coated ZnO, surface capping agent,
Kocide 3000, and Nordox against . coli

Tested Material MIC (pg/mL) in metallic Zn or Cu

Surface coated ZnO 750
Surface coated VE-ZnO 93.75
Capping Agent 3000
Kocide 3000 1000
Nordox 750

It should be noted that ratios, concentrations, amounts, and
other numerical data may be expressed herein in a range
format. It 1s to be understood that such a range format 1s used
for convemience and brevity, and thus, should be interpreted in
a flexible manner to include not only the numerical values
explicitly recited as the limits of the range, but also to include
all the individual numerical values or sub-ranges encom-
passed within that range as 11 each numerical value and sub-
range 1s explicitly recited. To 1llustrate, a concentration range
of “about 0.1% to about 5% should be interpreted to include
not only the explicitly recited concentration of about 0.1 wt %
to about 5 wt %, but also 1include individual concentrations
(e.g., 1%, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%,
1.1%, 2.2%, 3.3%, and 4.4%) within the indicated range. In
an embodiment, the term “about” can include traditional
rounding according to measurement techniques and the

. 22

numerical value. In addition, the phrase “about ‘x’ to ‘y
includes “about *x’ to about ‘y’”.

Many variations and modifications may be made to the
above-described embodiments. All such modifications and
variations are mtended to be included herein within the scope
of this disclosure and protected by the following claims.

Therelore, at least the following 1s claimed:

1. A gel matrix composition, comprising:

inter-connected vacancy-engineered nanoparticles of zinc

oxide (ZnQ), zinc peroxide (ZnO,) or a combination

thereolf, wherein the vacancy-engineered nanoparticles
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have surface defects associated with oxygen vacancies,
wherein the nanoparticles have a diameter of about 3 to
8 nm, wherein the vacancy engineered nanoparticles
include a coating of a surface capping agent having both
a carboxyl group and hydroxyl group, and wherein the
gel matrix composition 1s prepared at room temperature.

2. The gel matrix composition of claim 1, wherein the
surface capping agent 1s selected from the group consisting
of: sodium salicylate, sodium gluconate, and a combination
thereof.

3. The gel matrix composition of claim 1, wherein the
vacancy-engineered nanoparticles have an average diameter
of about 5 nm.

4. The gel matrix composition of claim 1, wherein the
coating covers the surface of each of the vacancy-engineered
nanoparticles.

5. The gel matrix composition of claim 4, wherein the
coating has a thickness of about 0.5 nm to 10 nm.

6. The gel matrix composition of claim 1, further compris-
ing hydrogen peroxide.
7. The gel matrix composition of claim 6, wherein hydro-

gen peroxide 1s about 10 to 50 weight percent of the gel matrix
composition.

8. The gel matrix composition of claim 6, further compris-
ing sodium hydroxide.

9. The gel matrix composition of claim 8, wherein hydro-
gen peroxide 1s about 10 to 50 weight percent of the gel matrix
composition and wherein sodium hydroxide 1s about 10 to 50
weight percent of the gel matrix composition.

10. The gel matrix composition of claim 1, wherein the gel

matrix composition has antimicrobial characteristics towards
E. coli and X. alfalfae.

11. The gel matrix composition of claim 1, wherein the gel
matrix composition 1s non-phytotoxic to ornamental vinca sp.

12. The gel matrix composition of claim 1, wherein the gel
matrix composition 1s formed by mixing a water soluble zinc
source, a surface capping agent, and an oxidizing agent in an
aqueous solution at room temperature.

13. The gel matrix composition of claim 12, wherein the
oxidizing agent 1s selected from the group consisting of:
hydrogen peroxide, chlorine, sodium hypochlorite and com-
binations thereof, and wherein the surface capping agent 1s
selected from the group consisting of sodium salicylate,
sodium gluconate, and a combination thereof.

14. The gel matrix composition of claim 1, wherein the
composition 1s both antimicrobial and non-phytotoxic.
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